A partially purified H+-ATPase from the plasma membrane (PM) of corn (Zea mays L.) roots was inserted into vesicles prepared with soybean (Glycine max 1.) phospholipids and various concentrations of individual sterols using either a freeze-thaw sonication or an octylglucoside dilution procedure. Both methods yielded a functional enzyme that retained i t s native characteristics. We have investigated the effects o f typical plant sterols (i.e. sitosterol, stigmasterol, and 24-methylcholesterol) on both ATP hydrolysis and H + pumping by the reconstituted corn root PM ATPase. We have also checked the influence of cholesterol and of two unusual sterols, 24-methylpollinastanol and 14a,24-dimethylcholest-8-en-3~-ol. Here we present evidence for a sterol modulation of the plant PM H+-ATPase activity. I n particular, cholesterol and stigmasterol were found t o stimulate the pump, especially when present at 5 mol%, whereas all of the other sterols tested behaved as inhibitors at any concentration in proteoliposomes. In all situations H + pumping was shown t o be more sensitive t o a sterol environment than was ATP hydrolysis. Our results suggest the occurrence of binding sites for sterols on the plant PM H+-ATPase.
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The PM H+-ATPase from higher plant cells is a P-type ion-translocating ATPase that produces an inwardly directed proton electrochemical gradient across the PM, thereby providing the driving force for secondary transport of nutrients such as anions, amino acids, sugars, or hormones into the cells (Serrano, 1989; Michelet and Boutry, 1995) . The activity of the PM H'-ATPase also contributes to the maintenance of intracellular pH, and regulation of this process has been proposed to mediate a broad range of cellular processes involved in the growth, development, and response of plants to environmental and hormonal signals (Marré and Ballarin-Denti, 1985; Serrano, 1989; Michelet et Boutry, 1995) . It is now well established that this enzyme is very sensitive to changes in its lipid environment, and recently much work has been devoted to the requirement of the enzyme for various kinds of lipids (Cooke and Burden, 1990; Palmgren, 1991; Kasamo and Sakakibara, 1995) . However, a minimal amount of attention might also participate in the regulation of the PM HtATPase, as cholesterol does in the case of the Na+,K+-ATPase (Yeagle et al., 1988; Cornelius, 1995) or the sarcoplasmic reticulum Ca*+-ATPase (Simmonds et al., 1982; Ding et al., 1994) .
Plant cells contain a mixture of sterols (sitosterol, stigmasterol, and 24-methylcholesterol) instead of the one major sterol-cholesterol or ergosterol-found in mammalian or funga1 cells, respectively. In the present study we have investigated the effects of various individual sterols on ATP hydrolysis and ATP-driven H+ translocation by a partially purified PM H+-ATPase reconstituted into soybean (Glycine max L.) phospholipid vesicles by means of two different methods. We have examined the effects of the typical plant A5-sterols (i.e. sitosterol, stigmasterol, and 24-methylcholesterol) as well as those of cholesterol and of two unusual sterols, 24-methylpollinastanol and 14a,24-dimethylcholest-8-en-3/3-ol (Fig. 1) . These compounds were shown to accumulate in plants treated with sterol biosynthesis inhibitors belonging to two important classes of fungicides used in agriculture, morpholines and triazoles (Benveniste, 1986) . In that context their effects on the PM H+-ATPase activity were important for us to study.
MATERIALS AND METHODS

Chemicals
Sitosterol (1) and stigmasterol (3) were purchased from Fluka. The structures of the various sterols used are illustrated in Figure 1 . Using GC analysis, sitosterol was found to contain 8% 24-methylcholesterol(2); and in stigmasterol, 3% sitosterol and 1% 24-methylcholesterol were present as sterol impurities. Cholesterol (4) and 24-methylcholesterol were from Sigma. Unusual sterols such as 24-methylpollinastanol (5) and 14a,24-dimethylcholest-8-en-3/3-01 (6) were isolated as described previously (Schuler et Abbreviations: ACMA, 9-amino-6-chloro-2-methoxyacridine; cholesterol(4), cholest-5-en-3p-01; DCCD, N,N'-dicyclohexylcarbodiimide; 24-methylcholesterol (2), (24[)-24-methylcholest-5-en-3/3-01; 24-methylpollinastanol (5), (24~)-24,14a-dimethyl-9p,l9-cyclo5a-cholestan-3p-01; PC, phosphatidylcholine; PM, plasma membrane; sitosterol (l), (24R)-24-ethylcholest-5-en-3/3-01; stigmasterol (3), (24S)-24-ethylcholest-5,22E-dien-3p-o1; SW 26, 2,2,2-trichloroethyl-3,4-dichlorocarbanilate; Te,, time needed to reach equilibrium after pH gradient relaxation by hexokinase.
Plant Physiol. al., 1990). The phospholipids used in this study were crude soybean (Glycine max L.) phospholipids (L-a-PC, type IV-S) from Sigma. ~-Lyso-3-PC, l-[l-'"C]palmitoyl, and ['"C] DCCD were from Amersham and Commissariat B l'Energie Atomique (Saclay, France), respectively. Octylglucoside was purchased from Boehringer Mannheim. ACMA was obtained from Molecular Probes (Eugene, OR). A11 other biochemicals and reagents were from Sigma, Merck (Darmstadt, Germany), or Aldrich.
Plant Material
Corn (Zea mays L. cv LG 11 or Pionner) caryopses were allowed to grow in the dark at 25°C. Roots were excised after 6 d. lsolation of PMs PM vesicles were isolated by differential and Suc density gradient centrifugation as previously described by either Grandmougin et al. (1989) The ATPase was solubilized in two successive steps. First, membrane proteins other than the ATPase were removed by treatment of the PM vesicles with Triton X-100 and lysoPC at a low concentration. PM vesicles (0.5-1 mg protein mL-') obtained after SUC density gradient centrifugation according to Grandmougin et al. (1989) were diluted (l:l, v / v ) with 0.1 M Tris-HC1 (pH 8.0) containing 1 mM PMSF, 13 mM 2-mercaptoethanol, 20% (w,/v) glycerol, Triton X-100 (at a detergent-to-protein ratio of 7 [w/w]), and lysoPC (at a detergent-to-protein ratio of 3 [w/w]). After incubation for 20 min at 4"C, membranes were centrifuged at 100,OOOg for 45 min. The supernatant S, was discarded. The pellet C, was resuspended in 2 mL of 10 mM Tris-HC1 (pH 7.5) with 20% (w/v) glycerol and 1 mM DTT, and the ATPase was extracted from the resulting membranes with a higher lysoPC concentration (lysoPC-toprotein ratio of 7 [w / w]). Following incubation for 10 min at room temperature, the nonsolubilized proteins were eliminated by centrifugation at 100,OOOg for 30 min (pellet C,). The supernatant S, (1 mL) was then applied on the top of a small column (60 X 10 mm) of SM, Bio-Beads (BioRad) to remove lysoPC. After 15 min at 4"C, the column was centrifuged at 250g for 2 min. Control experiments with ['4C ]lysoPC demonstrated that with this procedure, 90% of the lysoPC was eliminated. The final eluate containing the partially purified ATPase was used for reconstitution experiments.
Reconstitution
Lipid mixtures were prepared from stock solutions of type IV-S soybean PC (60 mg mL-l in benzene:ethanol[4:1, v/v]) and sterols (10 mg mL-l in chloroform). After drying the solvents under a stream of nitrogen, liposomes were formed by hydration of lipids (phospholipids only or mixed with a sterol at 30 mol%) in 2.5 mM Tris-Mes (pH 6.5) containing 1 mM DTT and 25 mM KCl to give a final lipid concentration of 10.7 mg mL-l. Samples were then sonicated to clarity under argon for 20 min. One volume of the partially purified ATPase (about 100 k g of protein) was mixed with 4 volumes of liposomes to obtain a lipid-toprotein ratio of 180 (w/w). The mixture was rapidly frozen at -70°C. After 20 min, the preparation was thawed in a water bath at room temperature. The suspension was sonicated for 2 min at 4°C and the whole cycle of freeze-thaw sonication was repeated once. Proteoliposomes were stored at 4°C until use.
MgSO,, and 1.8 p~ ACMA (in solution in DMSO) in a final volume of 1 mL. After equilibration, the reaction was initiated with 3 mM Na,ATP. The quenching of ACMA fluorescence was monitored at 25°C using an RF 5000 spectrofluorimeter (Shimadzu, Kyoto, Japan) with excitation and emission wavelengths set at 410 and 476 nm, respectively. Fluorescence quenching was reversed by the addition of 5 pg of gramicidin D (in solution in ethanol). Initial rates of H' accumulation were estimated from the initial slopes of ACMA fluorescence quenching and expressed as ( A F I F , x 100) min-' mg-' protein, where F, was the relative fluorescence intensity immediately after ATP addition. Maximum quenching was calculated as the difference between F, and the fluorescence intensity observed at a steady-state level.
Reconstitution by Octylglucoside Dilution (Procedure 2)
ATPase Solubilization
The procedure used here for solubilization and partia1 purification of the ATPase was different from the previous one. PM vesicles of corn roots were isolated according to St. Marty-Fleurence et al. (1988) . The enzyme was solubilized in only one step with 2 mg mL-l lysoPC (lysoPC-to-protein ratio of 5 [w/w]). Nonsolubilized proteins were centrifuged at 106,OOOg for 45 min and the ATPase was recovered from the resulting supernatant by precipitation with 45% saturated ammonium sulfate overnight (St. MartyFIeurence et al., 1988) . After centrifugation, the pellet was resuspended in 1 mM Tris-Mes (pH 6.5) containing 20% (w/v) glycerol and 1 mM DTT and the mixture was centrifuged again. After resuspension in the same buffer, the preparation was stored at -70°C without loss of activity for at least a few months.
['4C]DCCD Labeling and SDS-PAGE of the Partially Purified PM H+-ATPase
Before performing reconstitution experiments, the purity of this partially purified PM H+-ATPase from corn roots was checked by SDS-PAGE of the preparation after labeling with [14C]DCCD. The partially purified PM H+-ATPase (220 pg of protein) was diluted in 5 mM Tris-Mes (pH 7.0) containing 250 mM SUC and 1 mM DTT to a total volume of 0.5 mL.
[14C]DCCD (0.054 pCi) in ethanol was added to a final concentration of 10 p~. After incubation at 4°C for 90 min, the reaction was stopped by addition of 10 mL of the same buffer. The suspension was centrifuged at 100,OOOg for 30 min and the resulting pellet was resuspended in 150 pL of the denaturating buffer used for electrophoresis. For identification of the DCCD-labeled protein, samples (10-15 pg of protein) were heated at 30°C for 3 min and then subjected to SDS-PAGE on 10% acrylamide gels according to Laemmli (1970) . Gels were stained with Coomassie brilliant blue and exposed to x-ray autoradiograph film (Fuji, Tokyo, Japan) at -80°C for 3 weeks.
Reconstitution
PM Hf-ATPase was reconstituted by the octylglucoside dilution method used by Rossignol et al. (1989) . Liposomes were prepared from soybean phospholipids with or without different concentrations of sterols using the same stock solutions described above. Lipids were hydrated in 10 mM Mes-Tris (pH 6.5) containing 0.1 M KCl and 1 mM MgSO,, and sonicated in a bath for 20 min until clarity was reached. The efficiency of the reconstitution depends on the complete solubilization of the different components of the mixture. An important parameter is the detergent-to-lipid molar ratio. For PC:phosphatidylethanolamine (1:L w / w) liposomes, this ratio was found to be 2.9 (Rossignol et al., 1989) . Because of the low solubility of sterols in octylglucoside, some modifications were made to this procedure. As a means of visualizing the solubilization process (Paternostre et al., 1988) , the turbidity of liposome preparations was measured at 400 nm as a function of the amount of octylglucoside added over a range of lipid (phospholipids plus sterol) concentrations from 1.7 to 10 mM. As expected, transformation of lamellar structures into mixed micelles gave rise to three stage curves (data not shown), allowing a quantitative determination of the effective detergent-to-lipid molar ratio for a complete solubilization of lipids (Paternostre et al., 1988; Rossignol et al., 1989) . The value of this ratio was found to be between 17 and 21 for soybean phospholipid vesicles containing 15 to 30 mol% sterol, compared with 2.7 for sterol-free vesicles. A detergent-to-lipid molar ratio of 25 was routinely used. In a typical experiment, 30 pL of liposomes (i.e. 1.5 mg of total lipids) was solubilized in 106 pL of 0.5 M octylglucoside. Reconstitution was performed directly in the cuvette of the spectrofluorimeter by introducing successively an aliquot (6.8 pL) of this solution, 10 pL of ATPase (about 1 pg of protein), and 1.3 mL of a dilution buffer (10 mM Tris-Mes, pH 6.5 containing 100 mM KC1, 1 mM MgSO,, and 0.5 p~ ACMA) to obtain a final octylglucoside concentration of 2 mM and a lipid-to-protein ratio of 75 (w/w) (Rossignol et al., 1989) .
Proton Transport Assay
ATP-dependent H+ translocation was measured by the initial rate of change in ACMA fluorescence quenching at 30°C under the conditions described above. After equilibration, H+ pumping was initiated by addition of 1 mM Na,ATP. Four successive and independent measurements were carried out. The pH gradient was discharged by 0.5 p~ nigericin. For pH gradient relaxation experiments, yeast hexokinase (type V, Sigma) (42 units mL-') and 25 mM Glc were added at steady state, and passive H+ efflux was monitored until complete dissipation of the gradient in the presence or absence of 0.5 p~ valinomycin (Szponarski et al., 1991) .
Estimation of the lntravesicular Volume of Proteoliposomes
The volume of proteoliposomes was estimated from the fluorescence of trapped calcein within reconstituted membrane vesicles according to the method of Oku et al. (1982) . Proteoliposomes were prepared directly in the cuvette as described above by mixing the enzyme with soybean lipids in the absence or presence of 30 mol% cholesterol, sitos- terol, or stigmasterol in the buffer used for reconstitution experiments but including 2 nM calcein. The fluorescence of the suspension was measured before (Ftot) and after addition of CoCl, at a final concentration of 0.27 mM (Fi,,).
F,,, represents the fluorescence of a11 calcein present, and Fi, represents the fluorescence of the interna1 compartment plus the unquenched fraction of the externa1 compartment. Subsequently, 9.8 p L of 20% (w/v) Triton X-100 was introduced in the cuvette to destroy the integrity of vesicles, and the resulting fluorescence was measured again (Ftotq). Fluorescence changes were monitored at 25°C with excitation and emission wavelengths set at 490 and 520 nm, respectively. The volume of the aqueous compartment within the , , , ) x mo.
Protein Determination
Protein concentration was determined by the method of Bradford (1976) with BSA as the standard.
Lipid Analysis
The purity of sterols of commercial origin was checked by GC analysis according to Hartmann and Benveniste (1987) . Phospholipids were analyzed as previously described (Ullmann et al., 1987) .
1
RESULTS
Reconstitution of the PM H+-ATPase from corn roots was achieved by either freeze-thaw sonication or an octylglucoside dilution method. Both procedures first required the solubilization of the enzyme from PM vesicles and its partia1 purification. In both cases, the phospholipids used to reconstitute the H+-ATPase activity were soybean lipids commercially available from Sigma as the type IV-S soybean PC. Analysis of this crude lipid extract showed that it consisted of 67% (w/w) phospholipids with PC and phosphatidylethanolamine as the major components (81% of total phospholipids) (Fig. 2A) ; PC accounted for 57%. This type of phospholipid composition is not very different from that of native PM vesicles from maize roots (Fig. 2 8 ) (Grandmougin et al., 1989) . Phytosterols were also detected and represented (0.01% [w/w]). Among the remaining components of the commercial preparation that have not been analyzed, the occurrence of orange pigments with likely antioxidant properties should be mentioned. Although pure soybean phospholipids readily form hydroperoxides, which can be easily detected by their AZs0 when kept at room temperature for a night, the commercial preparation remains free of these compounds (data not shown). This observation is important when one knows that the membrane permeability of the bilayers is markedly affected by oxidation of unsaturated phospholipid fatty acyl chains (Tanfani and Bertoli, 1989) .
Characterizatíon of the PM H+-ATPase Reconstituted
According to Procedure 1
The first method used for reconstitution of the PM H+-ATPase from corn roots was the freeze-thawing procedure, the main steps of which are summarized in Table I . Treatment of PM vesicles with the mixture of Triton X-100 and a low concentration of IysoPC was shown to solubilize about one-half of the protein, but most of the ATPase activity remained in the pellet C,. Therefore, the supernatant SI was discarded. The subsequent treatment of the pellet with IysoPC solubilized 94% of the ATPase with a 7-fold higher specific activity than that of the PM-bound enzyme. Such an increase probably resulted partly from the reported activating effect of lysoPC on the H+-ATPase activity (Palmgren and Sommarin, 1989) . After elimination of lysoPC by filtration on a column of SM, Bio-Beads and reconstitution into soybean lipid vesicles, the specific ac- tivity of the ATPase was about 2-fold higher than that of PM vesicles, i.e. 1.85 pmol Pi min-' mg-l protein (Table I) .
Both functionalities of the reconstituted ATPase, ATP hydrolysis and H+ translocation, were characterized and compared with those of the native enzyme in PM vesicles. Table I1 shows some properties of the ATP-hydrolyzing activity. The absence of inhibition by NaN,, KNO,, and sodium molybdate indicates no contamination of the reconstituted enzyme by mitochondrial, tonoplastic, or nonspecific ATPases. Both enzymes were inhibited to a similar extent by DCCD and Ca2+, but the reconstituted enzyme shows an enhanced sensitivity to vanadate or to the herbicide derivative SW 26. After reconstitution, the enzyme retained a pH profile similar to that of native enzyme with a maximum at 6.5 (data not shown) and a net preference for Mg-ATP as the substrate among various nucleotides (Table 111) .
H+ pumping by the PM H+-ATPase inserted into soybean phospholipid vesicles was monitored by ACMA fluorescence quenching. The enzyme was found to be able to drive an active Ht translocation in the presence of ATP and thus create an intravesicular acidification. The rapid initial quenching induced by ATP addition was followed by a steady-state (maximum) quench after a few minutes. Initial fluorescence quenching rates were found to be strictly dependent on the presence of Mg2+-ATP and were totally inhibited by 100 p~ orthovanadate (data not shown). Evidence for an electrogenic transport is given by reversion of quenching upon addition of gramicidin or nigericin. H+ pumping was not inhibited by NaN,, KNO,, or sodium molybdate (data not shown). Thus, both functionalities of the reconstituted enzyme exhibited properties similar to those of the PM-bound enzyme.
Characterization of the P M H+-ATPase Reconstituted According to Procedure 2
An alternative procedure was used for reconstitution of the PM H+-ATPase from corn roots. In this case, the starting material was a partially purified PM H+-ATPase pre- Table II . Effect o f inhibitors on ATPase activity after reconstitution b y freeze-thaw sonication ATP hydrolysis was assayed as described in "Materials and Methods." DCCD and SW 26 were dissolved in ethanol and DMSO, respectively. Solvents were added at a final concentration of 1 %. Each assay was performed in triplicate (SE 2 15%). -, Not determined.
pared according to St. Marty-Fleurence et al. (1988) . When proteins from this preparation were separated by SDS-PAGE and stained with Coomassie blue, an intense band corresponding to a polypeptide of about 100 kD was obtained, indicating a clear enrichment of the preparation in ATPase. However, the presence of other bands attested that the preparation was not completely pure. When the electrophoresis was performed after labeling of the preparation with [14C]DCCD, only the 100-kD band was visualized on a fluorograph of the gel (data not shown), further supporting the identity of a proton-translocating ATPase (Solioz, 1984) .
For reconstitution experiments, we used the octylglucoside dilution method described by Rossignol et al. (1989) : after solubilizing the preformed liposomes and the enzyme in octylglucoside, the suspension of mixed micelles was rapidly diluted with a buffer without detergent to obtain a final detergent concentration lower than 20 mM, the critical micellar concentration of octylglucoside. In the case of the enzyme from corn roots, reconstitution conditions for optimal proton transport rates by the ATPase were obtained for a lipid-to-protein ratio of 75 (w/w) and a final octylglucoside concentration of 2 mM (Rossignol et al., 1989) . However, because of the low solubility of sterols in octylglucoside, a detergent-to-lipid molar ratio of 25 instead of 2.9 was used, as indicated in "Materials and Methods," and, consequently, a higher factor of dilution was required to form proteoliposomes. As depicted further, we could perform ATP-driven H+ translocation measurements with such diluted preparations, but we had some difficulty accurately monitoring the ATP hydrolysis activity, mainly because of the lower sensitivity of the colorimetric compared with the fluorometric method. Some properties of the PM H+-ATPase from corn roots reconstituted according to this method are described in papers by St. MartyFleurence et al. (1988) and Rossignol et al. (1989) .
Effects of Sterols on ATP Hydrolysis and H+
Pumping by the Reconstituted P M H+-ATPase
The partially purified ATPase has been reconstituted by both procedures into soybean lipids in the presence of We selected the following sterols: sitosterol (I), 24-methylcholesterol (2), and stigmasterol (3)' the typical A5-sterols of plant membranes; cholesterol(4), the major sterol of mammalian membranes; and two unusual sterols, 24-methylpollinastanol (5) and 14a,24-dimethylcholest-8-en-3P-01 (6), which have been shown to accumulate in plants treated with morpholine and triazole fungicides, respectively (Benveniste, 1986) (Fig. 1) . It should be noted that the maximum value of 30 mol% sterol in proteoliposomes is similar to the free sterol content (as represented by 55% stigmasterol, 14% sitosterol, 27% 24-methylcholesterol, and 2% cholesterol) of PM vesicles from corn roots (Grandmougin et al., 1989) .
ATP Hydrolysis
The incorporation of 30 mol% sitosterol, stigmasterol, or 24-methylcholesterol, which is shown in Table IV , did not significantly affect ATP hydrolysis by the ATPase reconstituted according to procedure 1. In contrast, the presence of 24-methylpollinastanol or 14a,24-dimethylcholest-8-en-3P-o1 at the same concentration was found to inhibit this reaction with an efficiency of 60 and 30%, respectively. It is also shown in Table IV that these sterols decrease the sensitivity of the enzyme toward Ca2+ and vanadate.
Effects of sterols on ATP hydrolysis by the ATPase reconstituted by procedure 2 have also been investigated. Despite low activity, the reaction was observed to be linear for 60 min and not significantly affected by sterol content or structure (data not shown). The activity of the ATPase inserted with 15 or 30 mol% sitosterol was tested for its sensitivity to Brij 58, a detergent reported not to modify kinetic properties of the enzyme . No increase in activity was detected over the range of detergent-to-protein ratios (w/w) from 0 to 10 (data not shown). This absence of latency suggests that these sitosterol-containing proteoliposomes likely had the same orientation, with the catalytic site on the outside of the vesicles and thus directly accessible to ATP. Figure 3 shows the effects triggered by various sterols present at 30 mol% on the initial rate of H+ uptake by the ATPase reconstituted according to procedure 1. Sitosterol (1) and 24-methylcholesterol (2) were found to inhibit the activity of the pump with an efficiency of 60%. Stigmasterol (3) was observed to be significantly less inhibitory. In the presence of both unusual sterols, 90% of the activity was inhibited. After sterol incorporation, fluorescence quenching rates were found to remain strictly dependent on Mg*+-ATP and inhibited *by orthovanadate (not shown). Evidence for an electrogenic transport is given by reversion of quenching upon addition of the K + / H t exchanger nigericin.
H + Pumping
Similar experiments were carried out on proteoliposomes reconstituted by octylglucoside dilution. As depicted in Figure 4 , the incorporation of 15 or 30 mol% sitosterol or 24-methylcholesterol into vesicles results in a strong decrease (34 and 60%, respectively) in the initial rate of ACMA fluorescence quenching. The same percentages of inhibition were observed when the proton transport was monitored in the presence of valinomycin, indicating that the inhibition was not due to the development of a membrane potential (not shown). A significantly lower inhibition of the H+ uptake was observed in stigmasterolcontaining proteoliposomes, with no inhibition in the presence of 15 mol% (Fig. 5) . When present at 15 or 30 mol%, both unusual sterols, 24-methylpollinastanol(5) and 14a,24-dimethylcholest-8-en-3P-o1 (6), triggered an inhibitory effect on the pump similar to that of typical A5-sterols (Fig. 4) . In contrast, cholesterol (4), the major sterol in mammalian membranes but a generally minor sterol in plant membranes, was found to increase the initial rate of ACMA fluorescence quenching. Because of the higher stimulatory effect of cholesterol when present at 15 mol% compared with 30 mol%, it was interesting to monitor initial H' pumping rates in vesicles less rich in cholesterol. Figure  5 shows that cholesterol induces a significant increase in proton transport when added in amounts as low as 2.5 mol% to reach a maximum at about 5 mol%. Similar experiments were performed with vesicles containing either stigmasterol or sitosterol. For sterol concentrations below 10 mol%, proteoliposomes with stigmasterol exhibit a behavior very similar to those enriched in cholesterol, but for higher concentrations, the activity of the pump is progressively inhibited, whereas cholesterol remains an activator.
In sitosterol-containing vesicles, the initial rate of H+ up- take is inhibited regardless of the sterol concentration in the vesicles. Finally, the effects of a mixture of A5-sterols (48% sitosterol, 47.5% stigmasterol, and 4.5% 24-methylcholesterol) on the initial rate of H+ pumping by the PM H'-ATPase was investigated. This mixture was incorporated into proteoliposomes at 15 or 30 mol%. When present at 15 mol% (i.e. about 7 mol% each of sitosterol and stigmasterol), the mixture of sterols was found to stimulate the proton transport by 24%, indicating that the extent of the stimulating effect triggered by stigmasterol (i.e. 40% as shown in Fig. 5 ) was reduced by the inhibitory effect of sitosterol (10Y0). In proteoliposomes containing 30 mol% sterols, the initial rate of H+ uptake was found to be 68% of that of sterol-free vesicles. Under these conditions, only the inhibitory effect of 14 mol% sitosterol was detected. These results demonstrate that effects triggered by both sterols were additive, suggesting that they interact with different parts of the enzyme.
An accurate interpretation of fluorescence quenching rates is not simple. Since the intravesicular volume of proteoliposomes was not precisely measured, the amplitude of pH gradients cannot be calculated. It is assumed that the initial rate of fluorescence quenching largely reflects H+ pumping, whereas the maximum quenching results from both the pump activity (H' influx) and the membrane permeability to protons (H+ efflux) (Bennett and Spanswick, 1983) . The time course and final extent of the maximum quenching is the result of severa1 variables, such as the activity of the H'-ATPase, the size of vesicles, and vesicle passive permeability to protons. Each of these parameters may be affected by changes in the lipid composition of vesicles. To investigate the possible effect of sterol incorporation on the size of vesicles, proteoliposomes containing O or 30 mol% (i.e. the highest sterol concentration used in this work) cholesterol, sitosterol, or stigmasterol were prepared in the presence of the fluorescent probe calcein. The intravesicular volume of vesicles was estimated by the measurement of the trapped fluorescence within the vesicles after quenching of the external fluorescence by cobalt ions (Oku et al., 1982) . This method is simple and rapid because it does not require the separation of vesicles from the external medium. In a11 situations the percentage of calcein trapped within vesicles was found to be very similar (between 5 and 6.5%), indicating that the size of vesicles obtained by the octylglucoside dilution procedure was not dependent on the sterol content or molecular species. Thus, the inhibition of initial rates of ACMA fluorescence quenching triggered by sitosterol or other sterols cannot be attributed to an enlargement of the intravesicular volume of proteoliposomes due to the sterol incorporation.
The other important parameter that one has to take into consideration is the potential effect of various sterols on the passive H + permeability of reconstituted proteoliposomes. This can be done by monitoring relaxation of the pH gradient after addition of hexokinase and Glc (to remove residual ATP) and valinomycin at a steady state, and by measuring Te, (Fig. 6) (Szponarski et al., 1991) . Results are presented in Table V induced by these two sterols. By contrast, when stigmasterol or 14a,24-dimethylcholest-8-en-3~-ol is incorporated in vesicles, Te, values are similar to those of vesicles without sterol. Therefore, the inhibitory effect of sitosterol and other sterols on the initial rates of ACMA fluorescence quenching cannot be attributed to an increase in the passive membrane permeability to H+. None of the tested sterols was found to disrupt the membrane structure. When the relaxation of the pH gradient was monitored in the absence of valinomycin, similar Teq values were found for sitosterol-and stigmasterol-containing vesicles, indicating that stigmasterol is able to reduce passive membrane permeability to Kt but not to H+. Taken together, these results strongly suggest that sterols directly or indirectly interfere with the PM H+-ATPase itself.
DI SCUSSION
In plants structural and functional roles of sterols are not well understood. The great structural diversity of lipids and proteins in the PM makes any investigation at the molecular leve1 extremely difficult to achieve. In the present study sterol modulation of the PM H+-ATPase activity from corn roots was assessed after reconstitution of the partially purified enzyme into proteoliposomes by means of either freeze-thaw sonication or octylglucoside dilution. The first procedure, which has been largely used for transport studies, was previously applied to the reconstitution of the PM H'-ATPase from corn roots (St. MartyFleurence et al., 1988; Gibrat et al., 1990) and from other plant materials such as tomato roots (Anthon and Spanswick, 1986), oat roots (Vara and Serrano, 1982; , or the alga Dunaliella acidophila (Sekler and Pick, 1993) . The second method first implies a co-solubilization of the enzyme and lipids in a detergent (octylglucoside or sodium cholate or deoxycholate or Zwittergent 3-14). Vesicle formation and reconstitution then occur simultaneously by remova1 of the detergent by dilution, dialysis, or gel filtration. Focusing on plant materials, this method has been used for the reconstitution of the PM H+-ATPase from corn roots (St. Marty-Fleurence et al., 1988; Brauer and Tu, 1989; Rossignol et al., 1989; Hsu et al., 1989) , mung bean roots (Kasamo, 1987) and hypocotyls (Kasamo and Yamanishi, 1991) , radish seedlings (Cocucci et al., 1985) , red beet (ONeill and Spanswick, 1984a, 198413; Singh et al., 1987) , and oat roots . Other reconstitution processes have also been reported, such as the spontaneous insertion into a preformed bilayer (Simon-Plas et al., 1991) or a planar bilayer system (Briskin et al., 1995) . Given the diversity of experimental conditions described in these reports (nature of lipids used, lipid-to-protein ratio, etc.), it is difficult to readily compare the results. Moreover, there are only a few works in which ATP hydrolysis and Ht pumping were conducted with the same preparation and simultaneously.
Here we present evidence that both methods we used yield proteoliposomes capable of ATP-driven H+ transport and ATP hydrolysis, with properties similar to those of other preparations (see refs. cited above). The sensitivity of both functionalities to inhibitors such as vanadate, a specific inhibitor of P-type ATPases, DCCD, and Ca2+ ions, a strong preference for ATP as the substrate, and the maintenance of an optimum pH at 6.5 indicated that the reconstituted enzyme retained its native characteristics. These results demonstrate that crude soybean phospholipids provided an adequate lipidic environment for the enzyme from corn, as already reported (Brauer and Tu, 1989) , with no requirement for a specific phospholipid Simon-Plas et al., 1991) . Compared with the freezethaw procedure, the reconstitution by the octylglucoside dilution procedure, which was conducted directly in the cuvette of the spectrofluorometer, was found to be rapid, efficient, sensitive, and highly reproducible. However, because of the high concentration of detergent needed to solubilize sterols, resulting in a high factor of dilution, the use of a more sensitive method to measure ATP hydrolysis is required. Preliminary assays showed that when ATP hydrolysis was assayed in the presence of NADH as well as an ATP-generating system and quantified by monitoring the decrease in NADH fluorescence, the accuracy of measurements was improved. We investigated the effects of different concentrations (between O and 30 mol%) of various individual sterols on ATP hydrolysis and ATP-driven proton translocation by the partially purified PM H+-ATPase from corn roots. Concerning sterol effects on the initial rates of H+ pumping, the two completely different methods of reconstitution gave very similar results (Figs. 4 and 5) . Sitosterol (1) and 24-methylcholesterol (2) were found to inhibit H+ pumping, with the percentage of inhibition increasing with the sterol concentration in proteoliposomes. Cholesterol(4) appeared to stimulate the pump over the complete range of concentrations between O and 30 mol%. Stigmasterol (3) exhibited a dual behavior, with a stimulating effect at a low concentration (below 5 mol%) and a moderate inhibitory effect at higher concentrations. Finally, the unusual sterols 24-methylpollinastanol (5) and 14a,24-dimethylcholest-8-en-3/3-01 ( 6 ) displayed an inhibitory effect regardless of their concentration in proteoliposomes. Thus, the sterol modulation of the PM H+-ATPase activity was shown to be dependent on both the sterol concentration and the sterol molecular species. The biphasic effect triggered by stigmasterol on the plant enzyme appears to be very similar to that found for cholesterol for the Na+,K+-ATPase from bovine kidney (Yeagle et al., 1988) . It is interesting that the maximal activity of the mammalian enzyme was observed at the native membrane cholesterol content. In PM vesicles from corn roots, cholesterol and stigmasterol are present at 0.6 and 16.5 mol%, respectively, but the effective concentrations of both sterols in the immediate environment of the enzyme might be different. Using an alternative approach consisting of incubations of PM vesicles from oat roots with exogenous sterols, Cooke et al. (1994) reported observations similar to ours, i.e. a stimulation of proton transport following incubation with cholesterol or stigmasterol, and an inhibition after incubation with a mixture of sitosterol and 24-methylcholesterol. Thus, the activity of the PM H+-ATPase appears to be very sensitive to its sterol environment. For instance, the enzyme is able to discriminate between sitosterol and stigmasterol, two 24-ethylsterols differing only by an additional double bond at C-22 in the side chain of stigmasterol.
Such an effect of structural features of the sterol molecule on the activity of other P-type ATPases has been reported. The activity of the cardiac sarcolemmal Na+,K+-ATPase reconstituted in a PC / phosphatidylserine mixture was shown to be 5-to 6-fold stimulated by cholesterol, 7-dehydrocholesterol, and dihydrocholesterol, but only 2-fold stimulated by 24-methylcholesterol (a 24-methylsterol); a strong inhibition was observed in the presence of androstenol (absence of a side chain at the C-17 position) or lanosterol (a biosynthetic precursor of cholesterol with two methyl groups in C-4) (Vemuri and Philipson, 1989) . It has been discovered that the Ca2+-ATPase of the sarcoplasmic reticulum reconstituted in dimyristoleoylPC was able to distinguish between cholesterol and its 3a-isomer, epicholesterol, and among four isomers of cholestanol (Michelangeli et al., 1989) . In the same context, a large body of work has focused not only on a cholesterol modulation but also on a specific sterol requirement of transmembrane ion transport catalyzed by transporters (Michelangeli et al., 1989; Vemuri and Philipson, 1989; Shouffani and Kanner, 1990) , channels (Bialecki and Tulenko, 1989; Chang et al., 1995; Popp et al., 1995) , or receptors (Fernandez-Ballester et al., 1994) .
As already noted above, the interpretation of fluorescence quenching data is complex. Changes in the lipid composition of vesicles could affect both the initial rate and the final extent of quenching via a modification of the size of reconstituted vesicles and/ or alterations in the membrane H+ permeability. As demonstrated by measurements of the percentage of fluorescence of calcein trapped within sterol-free and sterol-containing proteoliposomes, the interna1 volume of reconstituted vesicles appeared to be largely independent of the sterol content (between O and 30 mol%) or the sterol structure. Such a result is in agreement with our previous observations concerning large unilamellar vesicles made with pure soybean PC and different amounts of various sterols (Schuler et al., 1991) Table V , incorporation of sitosterol or cholesterol into proteoliposomes was found to increase the magnitude of maximum quench compared with that observed for sterol-free vesicles in a way closely dependent on the membrane sterol content (data not shown). Such an increase in maximum quench is accompanied by a slowing down of the whole time course of ACMA fluorescence quenching. In particular, in the presence of 30 mol% sitosterol the steady-state level was reached only after 27 min compared with 5 min for sterol-free vesicles. In contrast, other sterols such as stigmasterol and 14a,24-dimethylcholest-8-en-3P-o1 triggered no change in the extent of maximum quench. Experiments were conducted to evaluate potential effects of the various sterols on the passive membrane permeability to protons. They consisted of adding Glc and hexokinase at steady state to block the activity of the pump, and monitoring the time course of relaxation of the pH gradient in the presence or absence of valinomycin. In the presence of the ionophore, recovery of initial ACMA fluorescence occurred less rapidly in proteoliposomes containing sitosterol or cholesterol than in proteoliposomes with no sterol, indicating that these sterols significantly reduced the passive membrane permeability to Ht. For stigmasterol-or 14a,24-dimethylcholest-8-en-3p-o1-containing proteoliposomes, the kinetics of the pH gradient relaxation were found to be similar, indicating that neither compound affected passive membrane permeability to protons. These results closely parallel our previous data concerning the efficiency of the different sterols to reduce water permeability of soybean PC bilayers (Schuler et al., 1991) . If we assume that Hf diffusion across a membrane proceeds via associated water molecules (Elamrani and Blume, 1983) , then H+/OH-and water permeation are indeed interrelated. Our results clearly show that the sterol addition to proteoliposomes strongly affects the ATP-driven H+ translocation rate, whereas phosphohydrolase activity was found to be much less sensitive to both sterol content and structure. Such an observation might be viewed as an artifact of the reconstitution procedure. Thus, among the whole population of ATPase molecules present in the preparations, only a few might be functionally active. It should be noted that only ATPase molecules readily inserted in the membrane bilayer with the catalytic site oriented toward the outside are able to drive an ATP-dependent H+ translocation, whereas a11 of the molecules of the enzyme, including those just bound on the surface of vesicles, can hydrolyze ATP. In that context, the simultaneous monitoring of both functionalities on the same liposomal preparations as reported by Palmgren (1990) or Briskin et al. (1995) would be informative. However, evidence for differential effects in vitro on ATP hydrolysis and H+ pumping triggered by various effectors in native PM vesicles has been reported in the literature (Hsu et al., 1992; Cooke et al., 1993 Cooke et al., , 1994 Faraday and Spanswick, 1995) . A change in the coupling ratio of yeast PM H+-ATPase by a metabolite has been mentioned (Venema and Palmgren, 1995) , and evidence has been presented for various P-type ATPase mutants in which ATP hydrolysis is uncoupled with ion transport (Portillo and Serrano, 1988; Andersen, 1995) . Thus, H+ pumping might be regulated independently of ATP hydrolysis as proposed by Venema and Palmgren (1995) .
In conclusion, sterols are likely to modulate the function of the PM H+-ATPase by more than one mechanism. Currently, there are two theories to account for lipid modulation of ATPase activity (see Cooke and Burden, 1990) . According to the first theory, changes in lipid composition might induce an alteration of bulk physical properties of the membrane lipid bilayer, thereby indirectly affecting the ability of the enzyme to undergo conformational changes of the enzyme, and thus resulting in changes in its activity. The second hypothesis is based on a direct interaction of lipids with the enzyme as already stated by Simmonds et al., (1982) and Ding et al. (1994) for the sarcoplasmic reticulum Ca2+-ATPase and by Cornelius (1995) for the Na+,K+-ATPase. Using steady-state fluorescence anisotropy measurements (Schuler et al., 1990) and 'H-NMR spectroscopy (Schuler et al., 1991; Krajewski-Bertrand et al., 1992) , we have shown that sitosterol and 24-methylcholesterol are able to order fatty acyl chains of soybean PC bilayers with an efficiency similar to that displayed by cholesterol. In contrast, stigmasterol was found to exhibit far less ordering ability. Concerning the unusual sterols, 24-methylpollinastanol behaves like sitosterol, but its isomer 14a,24-dimethylcholest-8-en-3~-01 is less efficient than stigmasterol (Krajewski-Bertrand et al., 1992) . The stimulatory or inhibitory effects triggered by the various sterols cannot be unambiguously related to any particular effects of these sterols on membrane fluidity, indicating that sterol modulation of the PM H+-ATPase activity is not a process directly depending on changes in phospholipid fatty acyl chain ordering, as stated in the case of the sarcoplasmic reticulum Ca'+-ATPase (Michelangeli et al., 1989) .
The second theory favors a regulation through a direct interaction of the sterol with the protein, which should be highly structurally specific, especially at a low sterol concentration; cholesterol and stigmasterol might play such a role. When given at a concentration of 3 PM to intact corn roots, these two sterols are able to stimulate H+ secretion (Cerana et al., 1984) . Because of-its crucial role in the steady-state phosphorylation level of the animal Na+,K+-ATPase, cholesterol is considered to be a direct effector of the enzyme (Yoda and Yoda, 1987; Cornelius, 1995) . For the reconstituted shark enzyme, the V , , , for Na+ activation was shown to be 6-fold stimulated at 40 mol% cholesterol and the apparent K , slightly increased (Cornelius, 1995 
